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ABSTRACT

The effects of pH and lactic acid or acetic acid concentration
on Listeria monocytogenes inactivation were studied in brain heart
infusion broth using a three strain mixture. Combinations of lactic
acid/sodium lactate and acetic acid/sodium acetate were used to
achieve concentrations of 0.1, 0.5, 1.0, and 2.0 M in conjunction
with pH values of 4.0, 5.0, 6.0, and 7.0. Cultures adjusted with HCl
to pH 3.0 to 7.0 in 0.5 pH unit intervals were used-as 0.0 M
controls. Each pH/concentration combination was inoculated to a
level of 108 CFU/ml and incubated at 28°C for up to 60 d. Bacterial

_populations were determined periodically by plate counts. Inactiva-
tion was exponential after an initial lag period. Survivor curves
(log# versus time) were fitted using a linear model that incorporated
a lag period. The model was subsequently used to calculate D
values and “time to a 4-D (99.99%) inactivation” (t, ); t,, values
were directly related to pH and inversely related to acid concentra-
tion. At acid/pH combinations that supported growth, the level of
the organism increased slightly (2- to 10-fold) before declining. In
the HCl-adjusted controls with pH’s <5.5, the rate of inactivation
was linearly related to pH. In the presence of the monocarboxylic
acids, the duration of the lag period and the rate of inactivation
were dependent on the pH, as well as the identity and concentration
of acid. 4-D inactivation times were related to the level of undisso-
ciated lactic and acetic acids. That relationship was described by
the equations, t,, = exp(-0.1773*LA% + 7.3482) and t,,, = exp
(-0.1468*AA® + 7.3905) for lactic and acetic acids, respectively,
where LA and AA are mM of undissociated acid. These relation-
ships were used in conjunction with the Henderson-Hasselback
equation to develop a model for predicting the rate of inactivation
as a function of pH and total organic acid concentration.

A number of investigators have observed that when
Listeria monocytogenes is placed in an acidic environment
that does not support growth, the organism will be inactivated
over time (1,4,5,12). It has also been observed that under
nonideal pH conditions that still support growth, the organism
will tend to decline after reaching stationary phase, particu-
larly at elevated incubation temperatures (12). The inhibition
or inactivation of L. monocytogenes is enhanced when or-
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ganic acids are used as acidulants (1,5-7,11,14,15). Suffi-
ciently high levels of organic acid salts such as sodium lactate
and sodium acetate can inhibit or inactivate the pathogen,
even at neutral pH levels (13,16,17). Various investigators
have concluded that the rate of inactivation is dependent not
only on the pH of the environment but also on the identity
and concentration of the acidulant used to modify the pH.
However, there have been no studies where the relative
impact of the three variables have been separated and quan-
tified. Accordingly, the objective of the current study was to
quantitatively determine the inactivation kinetics for L. mono-
cytogenes when exposed to lactic and acetic acids in a
manner that permitted the effects of pH and acidulant concen-
tration to be differentiated.

MATERIALS AND METHODS

Microorganisms

Three strains of L. monocytogenes, HO-VI-S, V-7, and Scott
A, were cultured separately in 250-ml Erlenmeyer flasks containing
25 ml of brain heart infusion broth (BHI; Difco, Detroit, M) +
0.3% dextrose at 37°C for 24 h. The three cultures, each containing
approximately 10" CFU/ml, were then combined (total volume of
75 ml) for use as the inoculum.

Preparation of test system

BHI was supplemented with appropriate combinations of so-
dium lactate + lactic acid or sodium acetate + acetic acid to achieve
pH levels of 7.0, 6.0, 5.0, and 4.0 in combination with concentra-
tions of 0.1, 0.5, 1.0, and 2.0 M. These concentrations are roughly
equivalent to 0.9, 4.5, 9.0, and 18.0% (wt/vol) for lactic acid and
0.6, 3.0, 6.0, and 12.0% for acetic acid, calculated on the basis of
the acid. Duplicate 20-ml portions of the 16 pH/acid concentration
combinations were transferred to milk dilution bottles and sterilized
by autoclaving. Changes in observed pH after autoclaving were
<0.2 pH units. A separate set of bottles containing BHI adjusted to
pH levels of 3.0-7.0 in 0.5 pH unit increments using HCl was
employed as a control.

Inactivation studies

Each bottle was inoculated to a population density of approxi-
mately 108 CFU/ml by adding 0.6 ml of the combined 24-h culture.
The bottles were laid on their side to maximize oxygen transfer and
incubated without agitation at 28°C. Periodically, samples were
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removed aseptically, diluted as needed in 0.1% peptone water, and
surface plated on tryptose agar (Difco) using either a Spiral Plater
(Spiral Systems, Inc., Cincinnati, OH) or spread plates (depending
on the level of surviving cells anticipated). All plates were incu-
bated for 24 h at 37°C and enumerated eitheY by hand couriting or
using an automated colony counter (Model S00A, Spiral Systems,
Inc.). Sampling was continued for 60 d or until the counts fell
below the lower limit for detection (log No. <1.03 CFU/ml).

Survivor curves

Survivor curves were generated by fitting the data to the linear
function that allows for the presence of a lag period before initiation
of an exponential decline in population density.

Y=Y, [t<t] )
Y=Y, +s(t-t) ft>t]
where:

Y = log count of bacteria at time t. Log(CFU/ml);

Y, = log count of bacteria at time t = 0. Log(CFU/ml);

s = slope of the survivor curve. [Log(CFU/ml))/h;

t = time. (h);

t, = duration of lag period prior to initiation of inactiva-

tion. (h).

The curves were fitted using ABACUS, a nonlinear curve-
fitting program developed by W. Damert (U.S. Department of
Agriculture, Agricultural Research Center, Eastern Regional Re-
search Center) that uses a Gauss-Newton iterative procedure. The
D values were then calculated by taking the negative reciprocal of
s. The time (h) to a 4-D (99.99%) inactivation was calculated using
the equation,

t, = t + (4*D). @
RESULTS AND DISCUSSION

After an initial lag period, L. monocytogenes populations
declined exponentially. Examples of representative inactiva-
tion curves are presented in Fig. 1. The duration of the lag
period (t,) and the rate of inactivation were dependent on the
severity of the conditions (Table 1). Some growth (2- to 10-
fold increase) was observed with cultures that had a combi-
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Figure 1. Examples of inactivation curves observed with L.

monocytogenes when exposed to various combinations of pH and
lactic acid (LA) concentrations.

TABLE 1. Effect of pH, acidulant identity, and acidulant concen-
tration on the lag period prior to inactivation (t,), D value, and
time to 4-D inactivation (t, ) for L. monocytogenes.

Lactic acid Acetic acid

Conc. t DValue t t D Value t

4D 4D

pH ™ (h) (0 (L)) () (Y] (h)

70 01 2630 1632 9158*% NI NI >1440.0*%
05 1365 1694 813.9* 2000 1154 661.7*
1.0 76.5 127.0 5843 1545 1085 5884
2.0 0.0 1003 401.2 88.0 573 3170

60 0.1 780 184.1 8144 96.0 194.7 874.8*
0.5 530 1285 5670 169.5 86.1 5138
1.0 105 923 3797 1365 441 3130
2.0 00 567 2266 435 465 2295

50 0.1 440 822 3726 1270 423 296.1
0.5 02 504 2018 60.0 280 1719
1.0 30 334 1364 240 259 1276
2.0 00 158 63.2 165 110 603

40 0.1 60 424 1754 20 269 1095
0.5 40 116 50.2 00 126 50.2
1.0 0.0 8.8 35.2 0.0 1.1 45
2.0 0.0 1.1 42 0.0 0.9 35

HCl-Adjusted controls

D Value to
pH (h) (h) (h)
7.0 NI NI >1440.0*
6.5 NI NI >1440.0*
6.0 720 195.7 854.6*
5.5 40.0 125.0 539.8*
5.0 84.0 102.3 493.0*

4.5 109.5 60.9 353.0

4.0 6.0 67.6 276.2
3.5 10.0 29.1 126.2
3.0 4.0 20.2 84.2
NI = Less than 1 log cycle of decline over the course of the
experiment.
* = 2-to 10-fold increase in population density during initial

phase of experiment.
All values are the means of two independent determinations.

nation of a low acid concentration and a pH value that
supported growth. Times to a 4-D inactivation (t, ) were
calculated and compared to combine the effects on t_and D.
The selection of a 4-D inactivation was arbitrary, and the
model could be solved for alternate degrees of inactivation.

Cultures adjusted to various pH levels using HCl were
employed as controls to estimate the effect of pH alone, on
the basis that this mineral acid is completely dissociated, and
the lowest pH values that have been reported to support L.
monocytogenes growth have been in conjunction with micro-
biological media adjusted with HCl (1-3,5,7,8,15). At pH
levels <5.5, the t, for HCl-adjusted cultures was linearly
related to pH (Fig. 2) and could be described by the regres-
sion equation:

t,, = 197.3%pH - 526.5. ©)

These results are similar to those of Parish and Higgins (/2)
who reported that the duration of the lag period before
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Figure 9. Linear relationship observed by comparing logarithm of
4-D inactivation times versus the square root of the concentration
of undissociated acetic acid.
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Figure 10. Comparison of observed t .p values for the inactivation
of L. monocytogenes by lactic acid versus values predicted using
the regression equation from Fig. 8. The center line is the line of

identity, and the two exterior lines represent +50% of the observed
values.
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Figure 11. Comparison of observed t ', p values for the inactivation
of L. monocytogenes by acetic acid versus values predicted using
the regression equation from Fig. 9. The center line is the line of

identity, and the two exterior lines represent +50% of the observed
values.

The mathematical relationships observed provide a prom-
ising new approach for the development of models to de-
scribe the pH/acidulant inactivation of L. monocytogenes and
other foodborne pathogens. If the relationship between the
logarithm of t, | and the square root of the concentration of
undissociated acid holds true for other organic acids, it could
serve as the basis of a semimechanistic model for describing
the combined effects of foodgrade organic acids. Using the
Henderson-Hasselback equation, equations 6 and 7 can be
modified so t, | values can be predicted using the pH and the
total organic acid concentration of the system accordingly to
the relationship:

teo = exp(2.303{m[(T/exp((PH-pK)2.303))/(1 + exp((pH-pK)/2.303))]° + b}),

®)
where

T = total concentration (mM) of organic acid,
m = slope of regression line from Fig. 8 or 9,
b = y-intercept of regression line from Fig. 8 or 9,
t,p= time (h) to 10,000-fold decrease in population.

The current study identifies a new approach for model-
ing the inactivation of foodborne pathogens exposed to or-
ganic acids. Validation studies are needed to determine how
well the models predict L. monocytogenes inactivation in
both new pH/concentration combinations and representative
foods. Likewise, future investigations are needed to deter-
mine how incubation temperature and water activity affect
the relationship. Work is currently underway to determine if
the relationship observed with these two monocarboxylic

acids also occurs with other mono-, di-, and tricarboxylic
acids.
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